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Chemistry of hydrogen on diamond (100)

Yuemei L. Yang, Lisa M. Ulvick, Leyla F. Sutcu, and Mark P. D’Evelyn

Department of Chemistry and Rice Quantum Institute, Rice University, Houston, TX
77251-1892

Abstract

Hydrogen plays a crucial role in diamond film growth by chemical vapor deposition and is
likely to be similarly critical to atomic layer epitaxy, yet the surface chemistry of hydrogen on
diamond is only beginning to be understood. We have investigated the adsorption of hydrogen and
deuterium on diamond (100) by temperature-programmed desorption and by infrared multiple-

internal-reflection spectroscopy using a natural type Ila diamond internal reflection element. !
Complementary theoretical studies have been carried out using the empirical MM3 molecular
mechanics force field, which has a demonstrated high degree of accuracy for many molecules |
despite computational simplicity. H2 desorption was observed with a peak temperature of =1250 K ‘
and a peak shape suggestive of first-order kinetics. Assuming a preexponential factor of 1013 sec-!, ‘
the activation energy for desorption is estimated as =80 kcal/mol. Infrared evidence was seen for the

monohydride surface structure, with one hydrogen atom per surface carbon atom (8cp mode at 901 ‘

cm-l). The MM3 calculations predict that the (2x1):H monohydride phase is the most stable

thermodynamically and the dominant phase under typical chemical vapor deposition conditions. 5
]
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I. INTRODUCTION

The critical role played by hydrogen in diamond chemical vapor deposition (CVD) is well
established [1]. To date only preliminary results have been published on the growth of diamond
films by atomic layer epitaxy (ALE) [2], but surface hydrogen plays a crucial role in ALE growth of
silicon {3,4], and will certainly be important in diamond ALE processes currently being developed.
Despite its obvious importance, the surface chemistry of hydrogen on diamond is only beginning to
be understood. Of the two crystal faces which are prevalent in CYD-grown diamond films, the
properties of the clean and hydrogenated (111) face are much better understood than those of the
(100) face. However, the (100) face is the only low-index orientation where the actual surface of
CVD films resembles the nominal orientation (i.e., the surface is smooth on the nanometer-to-
micron scale) [5], and is the orientation most likely to be useful for atomic layer epitaxy. Nominally
clean diamond (100) has been observed to have a (2x1) unit cell by low energy electron diffraction
[6]. By analogy to the well-studied Si(100) and Ge(100) surfaces, the (2x1) unit cell suggests the
formation of dimer bonds between pairs of surface carbon atoms, as illustrated schematically in Fig.
1(a). Hydrogen atoms are known to chemisorb on diamond (100) [7-10], with either a (2x1) [8,9]
or nominally (1x1) [8] unit cell. The most transparent assignments for these structures, by analogy
to the better-studied H/Si(100) system, are a (2x1):H monohydride, with one hydrogen atom per
surface carbon atom (Fig. 1(b)) and a (1x1):2H dihydride, with two hydrogen atoms per surface
carbon atom (Fig. 1(c)), respectively.

Hamza et al. [8] reported temperature-programmed desorption (TPD) results for hydrogen on
diamond (100), with the peak desorption rate occurring at a substrate temperature near 1200 K at
low initial coverage. Based on their observation, by electron-stimulated desorption, of the continued
presence of surface hydrogen even after annealing to 1400 K and their inability to detect unoccupied
surface states, Hamza et al. assigned the TPD peak to hydrogen in the (1x1):2H dihydride state
(Fig. 1(c)) desorbing, leaving hydrogen in the (2x1):H monohydride state (Fig. 1(b)). Several
aspects of this assignment are troubling, however. First, the structural similarity of diamond and
silicon surfaces suggests that the behavior of hydrogen on the two materials will be qualitatively
similar even if the energetics are different. Hy desorbs from the monohydride state on both Si(100)
and Si(111) near 800 K, yielding the clean surface, although the details of the desorption kinetics are
different on the two crystal faces [11]. On diamond (111), the monohydride, with a (1x1) near-
ideal bulk-terminated structure [12], desorbs upon heating to =1200 K, yielding a clean surface
with a (2x1) unit cell [13-15]. The similarities in the desorption temperatures of Hz on diamond
(100) and (111) and the analogy to silicon suggests, therefore, that the observed desorption on
diamond (100) near 1200 K is taking place from the monohydride rather than from the dihydride. A
second difficulty with the desorption assignment is that steric repulsion between hydrogen atoms in
the (1x1):2H dihydride should be extreme. The corresponding monohydride and dihydride species
on Si(100) have a substantial literature and it appears that a full dihydride can only be formed under



conditions where SiH3(a) is also formed and some etching takes place, and that steric repulsion
between the hydrogen atoms is important {16]. The lattice constant of diamond is 34% smaller than
that of silicon and hydrogen-hydrogen repulsion will be even more important. If the hydrogen
atoms on diamond (1x1):2H remained in their ideal sp3 positions, the distance between neighboring
(nonbonded) hydrogen atoms would be only 0.71 A, less than the H-H bond length in Hp! If this
structure exists, therefore, one should expect rather dramatic orientational changes in the C-H bonds
in order to stabilize the surface. Such changes will cost energy, perhaps enough to make the
(1x1):2H dihydride thermodynamically unstable with respect to dehydrogenation to the
monohydride. Indeed, our calculations [17], along with recent semiempirical calculations [18],
predict that the (1x1):2H full dihydride is unstable, although the quantitative reliability of the
calculations is uncertain. A final difficulty with the assignment by Hamza ez al. [8] is that a
subsequent experiment by Thomas et al. [9] also observed a hydrogen desorption peak near 1220 K,
but observed (2x1) diffraction patterns both before and after desorption. The latter observation can
be explained by a substantial activation barrier for H-atom attack on the C-C dimer bond in the
monohydride (Fig. 1(b)) [9b], and suggests, in accord with the argument presented above, that the
desorption peak is due primarily to hydrogen atoms in the monohydride structure and that the
diamond surface is essentially clean following desorption.

Although we believe that the (1x1):2H full dihydride is not important in diamond CVD under
typical growth conditions, dihydride (CH») structures with hydrogen coverages less than two full
monolayers are likely to be important. For example, a (3x1) structure may be generated by inserting
a monohydride dimer between dihydride units at a hydrogen coverage of 1.33 monolayer. The
analogous (3x1):1.33H structure on Si(100) is well established [16], and steric repulsion is nearly
eliminated.

We have investigated the interaction of hydrogen with diamond (100) by TPD, by infrared
spectroscopy, and by theoretical molecular mechanics calculations. Infrared spectroscopy should
readily be able to distinguish between different forms of surface hydrogen, and we believe that
molecular mechanics is very useful for predicting the structure and energetics of surface species on
covalent solids such as diamond.

II. EXPERIMENTAL

The temperature-programmed desorption (TPD) and infrared spectroscopic experiments were
performed in the ultrahigh vacuum chamber shown schematically in Fig. 2. The analysis chamber is
pumped via a liquid-N2-trapped diffusion pump and titanium sublimation pump (base pressure = 1 -
2 x 10710 Torr), and is equipped with a quadrupole mass spectrometer (UTI 400C), a cylindrical
mirror analyzer for Auger electron spectroscopy, homebuilt LEED/ESDIAD optics, and a tungsten
filament used for atomic H dosing [19,20].




Separate diamond (100) samples were used in the TPD and infrared experiments. Type Ia
diamond (100) samples, 6.5 x 3.5 x 0.5 mm3 in dimension (DRI, Inc.), were used in the TPD
experiments. The samples were obtained in as-sawn condition and were polished on a high-speed
iron scaife with diamond powder in olive oil [20]. Our initial TPD experiments utilized a Ta foil
holder/heater for the diamond, but this proved to be unsatisfactory as atomic hydrogen dissolves
readily in bulk Ta [21]. We found that TPD spectra taken without the diamond in the holder were
indistinguishable from data taken with the diamond, implying that most of the desorbing hydrogen
originated from the bulk of the Ta foil [22]. A second difficulty with the foil sample holder scheme
is that accurate sample temperatures are difficult to obtain. Unlike silicon, diamond does not glow at
temperatures near 1000 K and so optical pyrometry cannot be used to provide a temperature
correction.

The TPD results presented below were obtained using a modified sample holder scheme, which
has significant advantages in terms of reduced outgassing and capability for accurate sample
temperature calibration. A W film, 0.5 pum thick, was sputter-deposited on the back of the diamond
(100) sample. Hydrogen desorbs from W below 600 K [23], and therefore should not interfere
with the desorption signal due to the diamond. The sample was held at each end between two sets
of W wire clips, 0.254 mm in diameter, which in turn were electrically isolated and attached to a
cooled Cu block. A pair of chromel-alumel thermocouples were placed in direct contact with the
sample underneath one of the wire clips. The sample was heated by passing current between the
pair of clips through the W film on the back. As the thermal contact between the W film and the
sample should be excellent, the temperature of the W should accurately reflect that of the diamond,
even if the thermocouple-derived temperature is in error. We performed careful temperature
calibrations by optical pyrometry of the W film through the diamond. As the emissivity of the
W/diamond interface was not known, we prepared a second diamond sample with a W film on the
back and placed it in a tubular furnace within the UHV analysis chamber. We used the second
sample, whose temperature should be equal to that of the fumace (measured with a chromel-alumel
thermocouple), to calibrate the pyrometer [20]. Near temperatures of 973 K, the thermocouple
pressed against the sample was found to be accurate to within 10-20 K, but the temperature error
rose to 140 K (with the thermocouple reading too low) at a sample temperature of 1473 K. We
estimate that the calibrated temperatures are correct to within = + 25 K.

Temperature ramps for TPD were generated using a standard DC power supply controlled by a
commercial PID temperature controller (Eurotherm 818P) interfaced to an IBM-AT-compatible
personal computer. The output of the mass spectrometer was digitized by a data acquisition board in
the same computer, allowing acquisition of temperature-programmed desorption or residual gas
analysis data [20]. A heating rate of 5 K s was used in the TPD experiments reported here.

Diamond cannot be sputtered and annealed without extensive graphitization [6,24], but several
groups have shown that heating a freshly polished diamond sample in UHV to = 1300 K desorbs




oxygen and generates a clean (except possibly for hydrogen) diamond surface [6,8,13,25,26]. We
have followed this procedure. Atomic hydrogen exposures were performed by backfilling the UHV
analysis chamber with Hp to pressures of 5x10-7-5x10-5 Torr and heating a coiled W filament
located = 2 cm from the sample to 1700-1800 K. Because of the difficulty in calibrating accurate
atomic hydrogen exposures made in this way, we simply report the apparent exposures to molecular
hydrogen as Langmuirs (1 L = 106 Torr sec), without an ion gauge correction.

We have performed preliminary infrared multiple-internal reflection spectroscopy (IMIRS)
[27,28] experiments in the reactor cell shown in Fig. 2(b). IMIRS is a high-sensitivity technique for
obtaining high-resolution vibrational spectra of sub-monolayer quantities of adsorbates on substrates
which are transparent in the infrared. IMIRS takes advantage of the phenomenon of total internal
reflection to gain sensitivity to surface vibrational modes by using many internal reflections. We
have a type ITa natural diamond internal reflection element (IRE), 15 x 3 x 0.22 mm3 in dimension,
with a (100) orientation on the large-area faces. The end faces of the IRE are beveled at 45°,
providing =33 internal reflections from each long face, as illustrated schematically in Fig. 2(c). The
optical coupling scheme is shown in Fig. 2(b). Collimated light from a Fourier-transform infrared
spectrometer (Mattson Cygnus 100) is focused by an off-axis paraboloidal mirror through a
differentially-pumped KBr window onto one bevelled edge of the diamond IRE. Light transmitted
through the opposite end of the IRE is collected and focused onto a detector (narrow-band HgCdTe,
Graseby Infrared) by two additional off-axis paraboloidal mirrors.

Exposures of the diamond (100) IRE to atomic hydrogen or deuterium were made by
backfilling the reactor cell with Hp or Dy, respectively, at pressures between 1 x 10-7 and 2 x 106
Torr for up to two hours, and heating a W filament located = 1 cm from the sample to 1700-1800 K.

II1. MOLECULAR MECHANICS CALCULATIONS

The calculation method used to calculate the structures and enthalpies of formation of clean and
hydrogenated diamond (100) has been described in detail previously [17]. The third-generation
MM3 force field, with parameters for saturated, unsaturated, and conjugated hydrocarbons, has a
demonstrated high degree of accuracy (bond lengths =+0.01 A, bond angles between atoms other
than hydrogen = £1°, torsional angles = +4°, heats of formation = +1 kcal/mol) for small, large, and
highly strained molecules and bulk diamond as well [29,30]. MM3 should be applicable to the
description of saturated, unsaturated, and conjugated hydrocarbon species on any crystal face of
diamond as long as the bond lengths, bond angles, and distances between nonbonded atoms are
within the range of values in structures for which MM3 has demonstrated accuracy. MM3
parameters for radicals are tentative [30,31], making calculations with open-shell species more
uncertain, and MM3 cannot describe surface species with bonding configurations that have not been
parameterized in molecules.




Atomic positions were determined by minimizing an empirical potential energy function, the so-
called steric energy E [29,30], subject to periodic boundary conditions and a substrate lattice
constant fixed at the value of bulk diamond [17]. Enthalpies of formation were calculated by adding
bond enthalpies (AHpond) and functional-group correction terms (AHgyrycy) to the minimized steric
energy for various surface species.

IV. RESULTS AND DISCUSSION

TPD results for Hp desorbing from diamond (100) are shown in Fig. 3. The peak desorption
rate occurs at Tp = 1250 K, and the peak has the asymmetric shape characteristic of first-order
desorption. Better evidence for first-order desorption may be derived from an independence of Tp
on the initial surface coverage {32,33]. However, we have not yet been able to establish the
dependence of Tp on coverage due to poor signal-to-noise ratio. The peak temperature (1250 K)
agrees well with those of Hamza et al. [8], 1200 K at low coverage, and of Thomas et al. [9],
=~1220 K. Assuming a preexponential factor of 1013 sec-1, the activation energy for desorption may
be estimated as = 79.5 kcal/mol [32]. A calculated TPD spectrum, assuming first-order desorption,
a preexponential factor of 1013 sec-1, and an activation energy of 79.5 kcal/mol is also plotted in
Fig. 3. The semiquantitative agreement in the measured and calculated peak shapes supports our
assignment of first-order desorption and the approximate value of the preexponential factor. The
“normal” value of the preexponential factor for hydrogen desorption indicated by our data contrasts
with the results of Hamza et al. [8] and of Thomas et al. (9] on diamond (100) and of Schulberg et
al. [34] on polycrystalline CVD-grown diamond films. Each of these authors obtained significantly
broader TPD peaks than that shown in Fig. 3, implying apparent preexponential factors in the range
of 3 x 105 to 5 x 107 sec-! [34]. Differences in sample preparation may be responsible for the
disparate results, as desorption from steps and defect sites might occur at slightly different rates and
might give rise to anomalously broad TPD peaks.

Another intriguing feature of the TPD spectrum is an apparent shoulder near 1125 K, =75 K
below Tp. The limited signal-to-noise ratio makes it impossible to determine if this is a true
shoulder, but it is well established that desorption from dihydride species on silicon (SiHp groups)
gives rise to a secondary TPD peak about 100 K lower in temperature than the monohydride (SiH)
peak near 800 K [16e,35]. On Ge(100), hydrogen adsorption at above one monolayer coverage
(implying dihydride formation) gives rise to a shoulder about 40 K below the monohydride peak
desorption temperature at 570 K [36]. If the shoulder in Fig. 3 is real, it may indicate desorption
from dihydride species, by analogy to the behavior of hydrogen on Si and Ge.

The poor signal-to-noise ratio in Fig. 3 is due to background hydrogen desorption from
supports, despite the fact that hot surface areas on the sample holder were kept to a bare minimum.
The rising background became quite significant above 1200 K. The background can be partially
compensated for by taking the difference between TPD spectra obtained and before H dosing, and




this was done with the data shown in Fig. 3. However, imperfect cancellation is responsible for the
sharp rise in the background above 1300 K. A satisfactory solution to the background desorption
problem should be achievable by adding differential pumping to the mass spectrometer.

The results of MM3 calculations of the structures of the surface species illustrated in Fig. 1 are
summarized in Fig. 5 [17]. The structures are entirely consistent with the qualitative conclusions
which might be drawn from simple bond length and van der Waals radius considerations. The
dimerized surface atoms on the (2x1) clean surface (Figs. 1(a), 5(a)) are linked by highly
pyramidalized double bonds, where the normal C=C bond length of 1.34 A is calculated to increase
10 1.46 A, and the dihedral angle between the dimer bond and the back bonds to the second-layer
atoms is nearly 60°, far from the ideal sp? planar geometry. The strain due to the backbonds also
increases the C-C single bond length in the (2x1):H monohydride structure (Figs. 1(b), 5(b)) from
its unstrained value of 1.54 A to 1.63 A. Finally, the extreme steric repulsion between neighboring,
non-bonded hydrogen atoms in the (1x1):2H full dihydride structure (Figs. 1(c), 5(c)) causes a
reduction in the H-C-H angle and twisting by some 26° about the surface normal. The extreme
steric repulsion of the (1x1):2H full dihydride is eliminated in the (3x1):1.33H structure(Fig. 5(d)).

The energetic predictions of the MM3 calculations can be summarized the by following
enthalpies of reaction at 298 K, expressed with respect to the (2x1):H monohydride:

C(100)-(2x1):H —  C(100)-(2x1) + Hy  AH 503 = +46.7 kcal/mol (1)
C(100)-(2x1):H + Hy — 2 C(100)-(1x1):2H AH 5g¢ = +49.2 kcal/mol (2)
3 C(100)-(2x1):H + Hy — 2 C(100)-(3x1):1.33H  AH 3¢¢ = -15.6 kcal/mol (3)

The implication of the positive heat of reaction for Eq. (2) is that we predict the the (1x1):2H full
dihydride is indeed thermodynamically unstable, as the system may reduce its energy by 49 kcal/mol
by desorption of Hj, producing the monohydride.

We find MM3 to be a computationally convenient yet very powerful tool for calculating the
structure and energetics of surface species on diamond. The method makes the clear prediction that
the monohydride is the most stable species and the one which is likely to predominate under typical
CVD conditions. However, because the amount of strain and steric repulsion which is present in the
(2x1) clean and (1x1):2H structures on diamond (100) considerably exceeds that in any molecules
for which the (empirical) MM3 method has been demonstrated to be quantitatively accurate,
comparisons of our results to predictions of high level quantum chemical calculations are needed.

An IMIRS spectrum of diamond (100) following an exposure to atomic deuterium at a sample
temperature of = 500 K is shown in Fig. 4. A peak observed at a frequency of 901 cm-! is assigned
to a ¢ *) deformation mode. This assignment is based on the similarity of the frequency of the
surface vibrational mode to CC-D bending modes of 901 and 918 cm-! in adamantane-d¢ [37] and
(CD3)3C-D [38], respectively. The peak has a full width at half maximum of = 20 cm"!, comparable




to that seen for the C-H stretching mode on diamond (111) [39] and the Si-H stretching mode on flat
Si(100) [27(c)]. The linewidth for H on flat Si(100) was overwhelmingly due to inhomogeneous
broadening [27(c)], which is almost certainly also the source of the linewidth seen here. The
diamond (100) internal reflection element sample was “as-polished” when inserted in the chamber,
with a standard roughness quoted by the vendor as 40 nm. We recently observed, by atomic force
microscopy, that an as-polished diamond (111) sample had a high density of ridges and scratches
from the polishing, with most of the features 5-10 nm in height [5b]. If, as seems likely, similar
features were present on our (100)-oriented IRE, they likely would not have been removed by a mild
anneal and could easily account for the infrared linewidth. Several other infrared peaks have been
observed, including features that may be associated with CH species. However, we have found that
trace amounts of hydrocarbon impurities are present in the infrared detector and that miscancellation
between background and sample scans can lead to spurious CH peaks, and we have not yet been
able to unambiguously distinguish the surface peaks from the detector (spurious) peaks.

Our preliminary IMIRS results show evidence for the monohydride, whose bending frequency
has been observed here for the first ime. The closeness of the peak frequency (901 cm-1) to that of
molecular analogues suggests that little, if any strain is present, which is consistent with the
hydrogen being present in the (2x1):H structure (Figs 1(a), 5(a)). The apparent dominance of the
monohydride over dihydride-derived infrared features is consistent with the monohydride being the
more stable species, as predicted by MM3. We hope to improve the signal-to-noise ratio by
modifying the sample holder so as to allow adsorption on both front and back faces and by growing
an ultraflat CVD diamond film on the IRE [5]. We plan to determine the therinal stability of the
monohydride CH mode and will try to identify conditions under which CHj species can be formed.
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monohydride, with one hydrogen atom per surface carbon atom; and (c) the (100)-

Fig. 1. Schematic illustration of (a) clean diamond (100)-(2x1); (b) the (100)-(2x1):H
(1x1):2H full dihydride, with two hydrogen atoms per surface carbon atom.
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Fig. 2. Schematic diagram of combination CVD reactor and UHV analysis apparatus.

(a) Side view of apparatus, with analysis chamber separated from the reactor cell by a gate
valve. LEED/ESDIAD: optics for low energy electron diffraction and electron-stimulated
desorption ion angular distribution. QMS: quadrupole mass spectrometer. AES:
cylindrical mirror analyzer for Auger electron spectroscopy.

(b) End view of reactor cell, showing scheme for infrared multiple-internal-reflection
spectroscopy. Collimated light from a FTIR spectrometer is focused from below onto a
beveled edge of the diamond (100) crystal sample (S) in the reactor by an f71 off-axis
paraboloidal mirror (M), and the transmitted light is collected and focused onto a remote,
liquid-nitrogen-cooled narrow-band HgCdTe detector.

(c) Schematic view from below of type Ila natural diamond (100) internal reflection
element, 15 x 3 x 0.22 cm3 in dimension. The IRE has a (100) orientation on the large-
area faces, and the end faces are beveled at 45°, providing =33 internal reflections from
each long face.
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Fig. 3. Temperature-programmed desorption spectrum of Hz from diamond (100), prepared with
a 720 L nominal dose at a sample temperature of 325 K. Solid curve: smoothed raw data
(points). The rising signal at temperatures above 1320 K is due to desorption from
supports. Dashed curve: calculated desorption trace assuming first-order desorption, a
preexponential factor of 1013 sec-1, and an activation energy of 79.5 kcal/mol. The heating
rate was 5 K s°1.
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Top view: [011] Side view:  [100]
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Fig. 5. Top and side views of atomic structures of clean and hydrogenated diamond (100)
surfaces: (a) (2x1); (b) 2x1):H; (c) (1x1):2H; and (d) (3x1):1.33H. Bond lengths: A. O,
O, and O: carbon atoms in top, second, and third layers, respectively. @: hydrogen atoms.




